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Abstract 
The rapidly developing market for high strength and high stiffness carbon fibre reinforced polymers (CFRP) among others 
demands for reliable damage evaluation methods at very high cycle fatigue loading (VHCF). Due to the anisotropic nature 
of continuous fibre reinforced composites, fatigue damage is initiated in various failure modes. In case of low cycle and 
high cycle fatigue loading they are well comparable with the failure modes known from static loading. For the analysis of 
the widely unknown damage behaviour of CFRP at VHCF-loading, specific test principals and a shaker based fatigue test 
stand are developed. The key aspects in the development are: 
high frequency fatigue (f > 150 Hz) without significant warming of the specimen, 
homogeneous stress distribution and minor through thickness stress gradients and 
adjustable states of stress and mean stresses for the fatigue testing of specific failure modes. 
Using numerical and experimental investigations, a promising solution for the given problem has been found in form of a 
shaker based shearing force free bending test stand and a specifically produced specimen. The deformation measurement 
and specimen observation is performed by a combination of eddy current sensors and digital image processing. With this 
basis, reliable VHCF-fatigue experiments for CFRPs with and without nanoparticles are performed for the development 
and validation of damage initiation criteria. 
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1. Introduction 
Due to their high specific static and fatigue strength carbon fibre reinforced polymers (CFRP) are virtually 
predestined for applications in lightweight structures under cyclic loadings in aircraft and wind industry, 
automotive engineering as well as general machine building. In the case of the main spar of state-of-the-art 
wind turbine blades unidirectional carbon fibre reinforcement is in use. For achieving a maximum profitable 
efficiency by extended in-service times, more than 109 load cycles have to be resisted without damage as 
reported by Nijssen. Common fatigue experiments to gain verified material data with test frequencies up to 
20 Hz do not lead to satisfying results within a reasonable test time but higher test frequencies considerably 
above 20 Hz lead to significant warming and undesired premature failure of the specimen.  
Above all, fibre reinforced composites show a significant directional degradation of the stiffness and 
strength during cyclic loading in contrast to isotropic and macroscopic homogeneous engineering materials 
like metals as already reported by many authors (Jamison et al., Gagel, Shokrieh et al., Lessard, Degrieck and 
Paepegem, Gude et al. 2006; Koch, Gude et al., 2010). The complexity of the experimental setup and of the 
damage behaviour of CFRP may be the reason for the lack of well-founded knowledge of the VHCF-fatigue 
degradation behaviour and appropriate material parameters. 
The aim of this study is the development of adapted test principles for the characterisation of the VHCF 
phenomena. The key aspects in the development are: 
 introduction of sinusoidal cyclic loads with high frequency (f > 150 Hz) without significant warming of the 
specimen, 
 homogeneous stress distribution and minor through thickness stress gradients, 
 adjustable mean stresses for the characterisation of the fatigue behaviour concerning: 
 the relevant modes at pulsating loads and 
 cyclic loads with alternating failure modes. 
2. VHCF-test stand design 
The main obstacle in high frequency testing of FRPs is the thermal heating due to the comparably high 
material damping. The damping of unidirectional CFRP shows anisotropic character and is highly dependent 
on the type of loading. Whereas at tension/compression loading in fibre direction the dissipated energy is low, 
the amount of shear deformation in the polymer matrix material due to in-plane and out-of-plane shear 
loading has been found causing a significant internal heating. Furthermore, the loaded material volume has to 
be minimised to achieve a low equilibrium temperature of the vibrating specimen and the surrounding 
climate. Classical VHCF-test methods, such as ultrasonic or resonance tension/compression/torsion-tests with 
a large loaded material volume do not fulfil these requirements.  
(a)    (b)  
Figure 1: (a) Shear force free bending setup for vibration loading; (b) VHCF-test stand with clamped CFRP specimen 
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Both requests, for low shear deformation and for a small loaded volume, are solved using a shear force free 
bending setup according to Figure 1a. A slender and layered bending specimen is restrained by free/clamped 
ball joints and loaded with an excentrical mass mz and a spring c. The setup is excited by a forced oscillation 
u(t) with a shaker system. The stress state in the specimen is dominated by bending stresses in the outer layers 
due to the bending moment Mb. Shear stresses due to the shear force Q, induced by the specimen’s inertial 
mass, are negligible. The tests are performed in the first bending mode below the first eigenfrequency f1. To 
achieve the focused constant amplitude loading without changing the failure mode, additional spring elements 
are placed outside of the joints. By applying a predeformation 0 the mean stress of the loading is shifted 
appropriately.  
To account for a homogeneous stress distribution and minor stress gradients through the thickness, the test 
material is placed as upper and lower layers of the specimen only.   
The basic mechanical design given above has been implemented to a rigid and backlash free bending test 
stand according to Figure 1b. Four bearing blocks with shoulder bearings in O-arrangement are fixed to a 
vertical base plate to define the ball joints at both ends of the specimen. By a stack of spring washers the 
radial play is adjusted in a manner to avoid undesired wear on the one hand and provide the desired degree of 
freedom in specimen length direction on the other.   
The vertical base plate is fastened to the horizontal base plate by rigid L-beams and cut out widely to 
enable optical deformation measurements from both sides. The specimen itself is mounted perpendicular to 
the bearing shafts by clamping plates. This rigid specimen fixation provides a wear free fixture and minimises 
undesired heating due to friction. The excentrical masses are clamped to the shafts in line with the specimen 
length direction and can be stepwise adapted with additional masses. The predeformation is provided by steel 
springs applied close to the center of gravity of the excentrical masses. 
The first eigenfrequency of the test stand with fixed shafts has been calculated to 717 Hz. Hence, an adequate 
difference between the first eigenfrequency of the test stand and the excitation frequency is guaranteed. 
3. Instrumentation and control 
A key aspect of the VHCF test stand is the measurement and control of the deformation amplitude. Due to 
the shear force free bending a homogeneous stress distribution in the specimen is achieved. Therefore a 
specifically large material volume of the specimen surface is highly stressed and the failure may occur at an 
arbitrary position along the specimen length. To account for the resulting deformation, which is non uniform 
in the case of localised damage and stiffness degradation, a video analysis of the deformation is applied. A 
high resolution video camera is fixed perpendicular to the specimen. Accompanied with a LED strobe light, 
pictures of the maximally deformed specimen are taken steadily. The deformation analysis is further based on 
an image processing script in Matlab© with image enhancement, cropping, edge detection and boundary 
tracing procedures. The local bending strain distribution )(x is defined by the kinematics of KIRCHHOFF’S 
plate theory under consideration of curvature induced strain only: 
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In Figure 2 the evaluation method is described exemplary. The original picture has been taken in the 
maximally deformed position of the vibrating CFRP-specimen (125 Hz).  By applying image enhancement 
and edge detection procedures a black-and-white picture with two single pixel lines at the position of the 
specimen boundaries is achieved. Using a boundary tracing method, the upper and lower edges are marked 
and highlighted subsequently.  
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Figure 2: Video deformation analysis of the vibrating specimen 
After scaling the picture to the specimen thickness, the deflection curve is approximated by a polynomial 
fitted to the mean curve of upper and lower edges. The resulting curvature is almost constant along the 
undamaged specimen and the bending strain on the top surface reaches values up to 460 m/m. Considering a 
Young’s modulus of 230 GPa, the maximum stress of the top surface is 105 MPa. 
The video deformation analysis takes approx. 3 s on a standard PC and is used as a stepwise in-situ damage 
analysis tool. For the real time control, the test stand is equipped with eddy current sensors to measure the 
position of both excentrical masses at a sampling rate of 150 kHz. By monitoring the vibration amplitude, 
mean and phase shift of both masses the most important operating parameters of the test stand are displayed. 
A feedback to the shaker control system is applied to stop the vibration test in case of overloads or critical 
phase shifts between the left and the right excentrical mass. Furthermore the shutter and the flash light of the 
video sensor are activated by the real time system.  
The processing units for the video analysis and the real time calculations are strongly separated to ensure 
cross interferences. 
4. General specimen manufacture 
The specimen manufacture and quality have great influence on the mechanical behaviour, especially under 
fatigue loading. The reproducibility in terms of fibre alignment, fibre volume content and specimen thickness 
is important for enabling failure mode specific damage analysis and ensure comparable results. As the 
influence of nanoparticles on the fatigue behaviour of CFRPs is under investigation as well, the 
manufacturing process has to provide a good dispersion in the matrix and in-between the fibres.  
4.1. Individual specimen manufacture 
The specimen dimensions are set to 100 mm x 15 mm x 2 mm to match the geometry of the test machine. 
In order to avoid cutting of fibres and therewith micro predamages at the specimen edges, which can influence 
the fatigue life, the comparatively small specimens were produced piecewise.  
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Figure 3: Schematic set-up of fibre impregnation and winding machine for prepreg production 
A self-made fibre impregnation and winding machine was used for prepreg production, with T700S carbon 
fibres with a 12k roving (Toray) and the resin system Araldite® LY1556/Aradur® 1571/Accelerator 
1573/Hardener XB 3403 (Huntsman). A schematic set-up is shown in Figure 3. The dry carbon fibre roving is 
prestressed and aligned before being impregnated and winded up in 15 mm wide stripes on a unit. After 
storing the impregnated fibre stripes according to the manufacturer’s recommendation for B-staging of the 
resin system, which is the common state of a thermoset prepreg ready for use, the material is frozen until 
further processing. 
For the specimen production and curing the impregnated fibre stripes are unfrozen and laid up in a mould 
with the unidirectional stacking sequence [0]8. The mould has cavities with a width of 15 mm and a 
corresponding male part to ensure a constant thickness of 2 mm, when cured in a hot press at 120°C for 
2 hours. A special device was used to fix each single layer to keep a constant pretension during cure. The 
number of fibres in a cavity is set to result a fibre volume content of 60 %. To control the quality, glass 
transition temperatures were measured and ultrasound and CT inspections were performed. 
4.2. Matrix modification with nanoparticles 
A new approach to increase the fatigue life of fibre reinforced polymers is the matrix modification with 
nanoparticles as been published by Böger et al. The unique properties of some of these nanoparticles as 
carbon nanotubes (CNTs) are used next to the conventional fibre reinforcement, but here for specifically 
modifying and improving the matrix behaviour under cyclic loading. According to Gojny et al the 
exceptionally high aspect ratio of CNTs in combination with the low density and high strength and stiffness 
make them a potential candidate to reinforce the polymer itself. 
The key point of improving the fatigue life of FRPs is for benefitting from the superior mechanical 
properties of the CNTs and to increase the overall properties of the matrix polymer. Next to interfacial 
bonding, proper dispersion is a main issue to improve the matrix dominated properties (Ciecierska et. al). The 
surface area of nano-scaled fillers (1000 m²/g and more) is larger by several orders of magnitude than of 
conventional fibre reinforcements. The surface area acts not only as an interface for stress transfer it is also 
responsible for the strong tendency of CNTs forming agglomerates as reported by Buschhorn et al. Therefore, 
when mixing them into the matrix high shear forces are required to obtain a homogeneous dispersion. The 
application of a three-roll-mill shows promising results and is a common method for the dispersion of 
nanoparticles. The CNTs are first mixed with a dissolver into the pure resin (without hardener) and 
subsequently evenly distributed with the three-roll-mill. A first primary dispersion of agglomerates is 
performed in the knead vortexes, whereas the final distribution of nanoparticles occurs in the thin gap 
between the rolls by enormous shear forces.  
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Figure 4: SEM micrograph of 0.3 wt.-% dispersed MWCNT in epoxy 
The gap size between the steel rolls is 5 m and speed is set to 20 rpm (first roll), 60 rpm (second roll) and 
180 rpm (third roll), respectively. Afterwards, the suspension is collected and mixed with the hardener by 
intense stirring. The high quality of dispersion of multiwalled carbon nanotubes (MWCNT) in epoxy can be 
seen in the SEM (scanning electron microscopy) picture of a cryofractured pure epoxy specimen in Figure 4. 
Only a few small agglomerates are remaining, which are well penetrated by the epoxy matrix. Another major 
advantage of this method is the efficient manufacturing of a larger volume of CNT filled resin.  
5. Damage phenomenology in fibre direction due to fully reversed VHCF-loading 
The first experiments using the above introduced shear force free shaker based bending test stand show 
promising results. As an example for the inspected damage phenomenology after fully reversed VHCF-
loading in Figure 5 typical areas with wide spread filament failure of the unidirectional reinforced non 
modified epoxy (T700/EP) are displayed. These flaws have been recognized after 9.8 107 cycles at the edge of 
the rectangular cross sectioned specimen. The specimen was loaded without prestress (R = -1) with a fibre 
strain of  = 0.2 % at a test frequency of f = 180 Hz. 
In Figure 5a a light area of carbon filaments is displayed which has been grinded off slightly due to 
handling processes before testing. In the area of this predamage a vertical crack developed as shown in 
Figure 5b which lead, among others, to a significant stiffness drop during testing. These findings underline the 
influence of the surface treatment and encourage the effort of manufacturing the specimens piecewise. 
 
   
Figure 5: Light micrographs of a fibre damage a) spread fibre failure b) vertical crack of multiple filaments 
6. Conclusions 
The development of reliable fatigue life evaluation methods for carbon fibre reinforced epoxy with and 
without nanoparticles at extremely high load cycles requires a deep understanding of the successive damage 
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behaviour and the occurring damage mechanisms. For the failure mode specific fatigue testing a new shaker 
based fatigue test stand as well as adapted test specimens are developed. Using a predeformation technique 
for the adjustment of the mean stress fibre failure modes and selected inter-fibre failure modes can be tested 
under VHCF conditions. In the design process of the test stand, areas of friction and wear have been 
minimised. Moreover the adjustable bearing play is used to achieve an appropriate axial degree of freedom. A 
two step deformation measurement system with eddy current sensors, measuring the angle of the external 
masses in real time application, and a separated video observation system for the direct analysis of the elastic 
curve of the specimen are applied. 
The specimen manufacture for non-modified as well as nanoparticel modified epoxy is based on a tailored 
prepreg impregnation system with tape winding and B-staging processes. 
The presented shaker based VHCF test method is now used for the characterisation of the fatigue 
behaviour of carbon fibre reinforced composites at high frequency loading. First promising results underline 
the influence of the surface treatment to the fatigue behaviour in fibre direction. Based on these findings 
physically based models for the description of the damage behaviour of carbon fibre reinforced composites 
under VHCF loading will be developed for the design of structural elements with virtually infinite life.  
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